Abstract
Introduction
Ventricular repolarisation, the relaxation phase of the cardiac cycle, is expressed on the body surface as the ECG T wave. The T wave results from spatial and temporal differences across the ventricles of the repolarisation phase of the ventricular action potentials [1] . It is well known that as heart rate slows, and accordingly beat interval (R-R interval) lengthens, action potential duration increases resulting in a lengthening of the T wave [2] . Previous research has provided insight into the effect of heart rate on T wave amplitude. During the post-exercise recovery period in healthy subjects the T wave became asymmetrical and decreased in amplitude as heart rate decreased [3] and was explained by changes in action potential dispersion and repolarisation duration [4] . Another study, considering Holter recordings, suggested T wave amplitude increased linearly with increasing R-R interval in healthy subjects but less so for patients with acute myocardial infarction [5] . So far there have been few studies looking at ventricular repolarisation during the abnormal heart rhythm AF. AF is a common arrhythmia which is characterised by rapid changes in ventricular beat interval [6, 7] . As such it provides the opportunity to investigate the effect of rapid beat interval changes on characteristics of the T wave. In AF the ventricular components of the ECG are contaminated by the continuous atrial fibrillatory component [8] . This 'contamination' must be removed to allow accurate measurement of the ventricular features of the ECG such as T wave peaks and T wave end. Here we use beat averaging with careful selection of qualifying beats to enable the accurate measurement of T wave features under the conditions of short and long preceding beat intervals. Hence the aim of this study was to quantify the effect of the beat interval changes on the ventricular repolarisation characteristics in AF.
Method

ECG database
The ECG lead V4 of 10 patients during AF were analysed. The sampling rate for the recording was 500Hz and amplitude resolution of 5 µV. The recording length was 15 minutes.
ECG processing
A beat averaging algorithm was used to generate averaged beats so removing the contaminating atrial fibrillatory activity from the ventricular features. For each recording two averaged beats were obtained by creating average beats where the preceding beat intervals was short (defined as a preceding beat interval within the range 625 ± 25 ms) or long (defined as a preceding beat interval within the range 1075 ± 25 ms). The averaging process has been described previously when measuring U waves during AF [9] .
Manual measurements of ECG baseline and T wave amplitudes and intervals were obtained by displaying the average beats individually on a computer screen at a size corresponding to ECG paper speed of 50 mm/s and 20 mm/mV using bespoke Matlab software. Observers (MSA, PL) independently marked a stable isoelectric baseline in the period immediately before QRS onset along with T wave peak and TU nadir time points. The location of the R wave was already known from the beat averaging process. T wave amplitude (T amp) and T end amplitude (TUn amp) were automatically calculated from the manually selected baseline, T peak and TU nadir points. Similarly, the intervals R to T wave peak (R-T) and R to TU nadir (R-TUn) were automatically calculated. Figure 1 illustrates the measurements used in the study.
Each T wave characteristic had paired groups of measurements associated with short and long preceding beat interval for which statistical differences were assessed with the Wilcoxon signed rank test following the Kolmogorov-Smirnov test to assess normality of data distribution. Figure 2 illustrates the two average beats generated from one of the AF recordings of the study. The T wave for the average beat with the long preceding beat interval shows clear increases in amplitude at the peak and at the end of the T wave, while the intervals between R wave and T peak and T end have also increased relative to the T wave with the short preceding beat interval. Figure 2 . Average beats in the same recording generated for beats with short (blue trace) and long (red trace) preceding beat intervals. Amplitudes and intervals increased for the beat with long preceding beat interval.
Results
The measurements for all recordings are shown in figure 3 and the statistical data are summarised in table 1. There were statistically significant increases in amplitudes and intervals for long compared to short preceding beat intervals. 
Discussion
AF is characterised by rapid ventricular beat interval changes which provides a unique model for studying the effects of such changes on ventricular repolarisation characteristics.
The study indicates that beats preceded by longer beat intervals have T waves with larger amplitude and prolonged duration compared to beats preceded by shorter beat intervals. QT lengthening is a wellknown effect of heart rate slowing (R-R interval increasing) so our finding of increased R-T and RTUn intervals accords with this. Our finding of increased amplitudes at the peak and at the terminal part of the T wave may suggest increased dispersion of repolarisation for beats with longer preceding beat intervals, although other factors may also contribute to T wave amplitude changes [4] . A linear increase in T wave amplitude with increasing R-R interval was observed in healthy subjects during long term Holter monitoring [5] , but beat interval changes in healthy subjects are generally modest outside of exercise and slow changing unlike those in AF. Nonetheless our results accord with the findings of that study. In contrast healthy subjects during the post exercise recovery period exhibited the opposite response to increasing R-R interval because their T waves decreased in amplitude [3] suggesting exercise imparts a different response of ventricular repolarisation to heart rate changes and which is different to that we have observed during AF.
In conclusion, longer preceding beat intervals during AF give rise to larger and longer T waves.
